Male characters that are used for malemale combat are often developed and exaggerated, whereas female equivalent characters are vestigial or vanished. In order to assess whether the characters common to both sexes share the same phenotypic variability due to common genetic architecture, we compared males and females of the stag beetle Prosopocoilus inclinatus using recently developed geometric morphometric methods. Elliptic Fourier analysis was used to compare shape variation between male characters (including exaggerated mandibles) and developmentally homologous female characters. A significant positive correlation was found between the size or between the weight of different body parts in both sexes, but a conspicuous difference was detected in the frequency distribution of the weight of all the body parts. Elliptic Fourier analysis demonstrated that there was marked discontinuous variation in mandibles in males, whereas such a discontinuity was not clear in females. The shape of a character in males exhibited some similarity with that of other characters, but this was not found in females. In a character, growth trajectory of shape was significantly affected by both size and weight in males, whereas size and shape tended to vary independently in female characters. These results support the hypothesis that a large sexual dimorphism in variation in shape is due to alleles accumulating in tight linkage with a sex-determining gene.
INTRODUCTION
Exaggerated male characters such as horns or mandibles in insects are used for intrasexual combat (Tatsuta, Mizota & Akimoto, 2001) . Male behavioural strategies are often associated with the size of exaggerated characters. Shiokawa & Iwahashi (2000) reported that in the stag beetle Prosopocoilus dissimilis okinawanus , the diurnal pattern of mating activity differs completely between males with large and small mandibles. Such behavioural differences contribute to reducing competition between large and small males, resulting in an increase in the fitness of both types (Eberhard, 1982) . Although developmentally homologous mandibles in females have received comparatively little attention, these could have a similar phenotypic variation if the development of the characters in males and females is more or less controlled by a common genetic architecture. If the development of homologous characters differs between the sexes, this might be due to sex-linked genes resulting from sexlimiting selective pressures.
If the selective optima of characters are different for males and females, conflicting selection on the alleles at particular loci tends to reduce the genetic correlation between the sexes, and finally promotes sexual dimorphism (Rice, 1992) . For example, sexual dimorphism in the relative distance of eyespan in a stalkeyed fly, Cyrtodiopsis dalmanni , results from sexlimiting selection (Wolfenbarger & Wilkinson, 2001) . In contrast, when the function of a male character is similar to that of a female homologous character, there should be no conflicting selection, leading to convergence in the variability of the characters. Hence, comparing phenotypic variation between homologous characters of the sexes would provide an insight into the context of selective pressures in natural environments.
We conducted several morphometric analyses to examine the amount of variation between different characters in males and females the stag beetle, Prosopocoilus inclinatus (Motschulsky) and compare fine shape variability in homologous characters between them. This species, distributed widely in Japan, exhibits conspicuous sexual dimorphism in the size of body and mandibles (Inukai, 1924) , and thus is suitable for assessing the sexual selection hypothesis. Elliptic Fourier analysis was performed for the analysis of outlines of body parts because simple measurements such as the distance between landmarks are not sufficient to permit detailed analysis of fine-scale morphological variation. Recent studies show that the shape of subtle and tiny structures as well as the size of particular characters plays an important role in the context of selection (Johnson & Black, 2000; Walker & Bell, 2000) and hence size and shape are expected to coevolve responding to selective agents. The elliptic Fourier method is feasible for describing the contour of particular characters and has been used for examining complex variation in shape (McLellan & Endler, 1998; Cannon & Manos, 2001) , especially when few, if any, distinctive landmarks are available (Monti, Baylac & Lalanne-Cassou, 2001) . Although there is a problem in the recognition of homology for a particular point in different organisms and in the biological interpretation of harmonics (Bookstein et al ., 1982) , its mathematical characteristics and handling are superior to those of other similar techniques (Rohlf & Archie, 1984) .
MATERIAL AND METHODS

S TUDY SITE AND DATASET
In total, 49 males and 55 females of P. inclinatus from several localities in Hokkaido, northern Japan were used for the analysis. All specimens were collected in 1998. We eliminated damaged body parts from the subsequent analysis. Prior to weighing of body parts, each specimen was cut into four parts at membranous joints: left and right mandible, head, prothorax, fused segments of mesothorax-abdomen (SMA: after Tat-suta et al ., 2001) . Each cut part was dried at 65 ∞ C for 24 h using a drying oven and weighed on a 1.0 ¥ 10 -5 g scale using a fine electric balance (ISO9001, Sartorius, Japan). The dry weight of each character was regarded as an indication of resource allocation to the body part during development (Tatsuta et al ., 2001) . The coefficient of variation (CV) was computed for the weight of each body part to compare variability among body parts with different means. Pearson's productmoment correlations were calculated between the weight of body parts. The significance level of correlation coefficients was adjusted by the sequential Bonferroni method (Rice, 1989) . In addition, Kolmogorov -Smirnov tests (Sokal & Rohlf, 1995) were applied to each body part to examine whether the weight of each part follows the normal distribution. These calculations were conducted using SAS (SAS Institute Inc., 1988) .
Images for each body part were captured using a digital camera (PDMC-2, Polaroid, USA) coupled with a macro lens (AF Micro-Nikkor 60 mm, Nikon, Japan). For all characters, taken images were magnified to be almost the same size on computer screen to reduce measurement errors due to original character size. The x and y coordinates of each outline were estimated by TPSDIG ver. 1.26 (Rohlf, 1998) software. All contours started at the first landmark ( Fig. 1 ), defined as type I according to Bookstein (1991) , and were digitized clockwise. A total of 310 points was scored for each of left and right mandibles, and 350 points for each of other body parts.
D ESCRIPTION OF OUTLINES OF EACH BODY PART
There are several different techniques to describe outlines of closed contours in a two dimensional plane (see Rohlf & Archie, 1984; Rohlf, 1990) . We used the elliptic Fourier method as originally described by Kuhl & Giardina (1982) for the description of shape of body parts. In this method, a curve is decomposed into a sum of harmonically related ellipses. Since Fourier decompositions are very sensitive to the location, size, and orientation of objects, the setting of each specimen is important when different specimens are to be compared. For comparison between different pictures, Fourier coefficients were normalized based on the method advocated by Kuhl & Giardina (1982) . Before decomposition in Fourier series, we rotated the outline so that the long axis defined by the first harmonic was parallel to the horizontal axis (the phase angle of the first harmonic was set at zero), and set the initial point at the end of the long axis defined by the first harmonic. We took radius of ellipse of the first harmonic as an indicator of dimensions of characters (hereafter morphometric size) and then calculated Pearson's correlation coefficients between the charac-ters. Size was standardized by dividing the coordinates by the square root of the area of the ellipse defined by the first harmonic. These treatments resulted in the degeneration of the first three Fourier coefficients. Thus for N harmonics, there are 4 N -3 non-trivial normalized coefficients (Rohlf & Archie, 1984; Ferson, Rolf & Koehn, 1985) .
We estimated 30 harmonics and so acquired 117 meaningful Fourier coefficients for analysing the shape of each body part; preliminary studies showed that 30 harmonics were sufficient to express fine scale structures (e.g. Monti et al ., 2001) . Elliptic Fourier coefficients were calculated using NTSYS-pc (Rohlf, 2000) .
M ULTIVARIATE ANALYSES FOR SHAPE VARIATION
Overall difference in shape was analysed by principal component analysis (PCA) based on the covariance matrix among estimated standardized Fourier coefficients. Each set of 117 coefficients was treated as a multivariate point representing the outline of a character. To investigate whether there is a discontinuity in the shape characteristic of each body part on a particular morphometric plane, density contours of plots using a multivariate kernel density estimator (Simonoff, 1996; SPSS Inc., 1998) were overlaid on the plane. The Kolmogorov -Smirnov test for normality was performed to test whether each shape characteristic (PC) was normally distributed. To visually clarify features of shape variation explained by each PC, we reconstructed three types of imaginary shape; one had mean principal score along each principal axis (PC1, 3), one mean plus two standard deviation, and one mean minus two, respectively, and set other components as zero. Fourier coefficients of each reconstructed shape were estimated by inverse Fourier transformation (Rohlf & Archie, 1984) . Reconstructed characters were overlaid on figures of frequency distribution of PCs for each body part.
Associations between the shapes of different body parts were evaluated by the similarity of Euclidean distance matrices among individuals, one for each body part characterized by the 117 Fourier coefficients. Overall similarity between the morphometric distance matrices for two different body parts was evaluated statistically using a Mantel test (Mantel, 1967) . The significance was tested by comparing the observed Mantel statistic with the distribution of the statistic obtained from 10 000 randomizations of the elements of the distance matrix. The significance level of the Mantel statistic was adjusted by the sequential Bonferroni method (Rice, 1989) . Likewise, to investigate association between shape components (PCs) of different body parts, Kendall's rank correlation between characters was calculated for each of the first three PCs, respectively. Multivariate analyses described above were performed using SAS (SAS Institute Inc.,1988), SYSTAT (SPSS Inc., 1998) and NTSYS-pc (Rohlf, 2000) .
M ULTIVARIATE ALLOMETRY BETWEEN SIZE AND SHAPE
COMPONENTS
To examine how the growth trajectory of the overall shape of each body part changes as the size and weight of the character increase, we performed multipleregression analysis, in which the scores of morphometric size (radii of the first ellipse) and weight of each character were taken as dependent variables, and estimated shape components (PC1 -4) as independent, according to the method advocated by Mosimann & James (1979) . Overall significance of multiple-regression model was assessed by an F -test. Since the weight is directly related to the volume of the parts, all measurements of body mass were transformed to cubic roots to equalize the dimension with that of other variables.
RESULTS V ARIATION IN BODY MASS
Of the five body parts examined ( Fig. 1) , the weight distributions of all parts deviated significantly from normality in males, whereas none of them deviated significantly from normality in females ( Fig. 1 ; Table 1 ). Male mandibles showed conspicuous righthand skew. A large sexual difference in the variability of body mass was found especially in the weight of left and right mandibles and head: they exhibited conspicuous large variation in males, whereas the variation in females was kept almost equal to that in other body parts. A large coefficient of variation (CV) mainly due to large variation in bending (Figs 2, 3) was observed in the weight of mandibles and heads in males. The correlations between morphometric size (radii of the first ellipse), between weight (Table 1) and between size and weight (Table 2) were all significantly positive between different body parts, and strong correlations (>0.61 between morphometric size, >0.65 between weight, and >0.43 between the size and weight) were found both in males and in females, indicating that the dimensions of any body part increase with increasing weight.
V ARIATION IN THE SHAPE OF CHARACTERS
The first three PC loadings based on 117 elliptic Fourier coefficients for each character in total explained 62 -91% of the total variation of shape in males, and 58 -86% in females. PC analysis detected conspicuous and discontinuous polymorphism in the shape of male mandibles (PCs 1, 2, PCs 1, 3), whereas such a polymorphism was not clear in any body parts in females (Figs 2-6). Each PC distin-guished a contrasting character state of rounded outlines vs. fine and angular structures. For male mandibles, two or three types, straight or crooked, were distinguished using kernel density contours. Interestingly, the patterns of the kernel contours were slightly different between left and right mandibles (Figs 2, 3) . In both sexes, the pattern of frequency distribution of each shape component (PCs 1, 3) for a character was different from that of the body mass (Figs 1, 7, 8 ). In males, some but not all shape components (PCs 1 and 2 in right mandible, PC1 in prothorax, and PC1 in SMA) showed significantly skewed distributions (Fig. 7) . In females, although no character showed significantly skewed distribution in the weight of body parts, three shape components (PCs 1 and 2 in right mandible and PC2 in head) deviated significantly from normal (Fig. 8 ).
S HAPE SIMILARITY BETWEEN CHARACTERS
The associations between the shapes of different characters were positive and significant in males except for the combination of head and SMA (Table 3 ). In contrast, the associations were weak and not significant in almost all combinations of characters in females. The largest, positive correlation coefficient was found in the combination of left and right mandibles in both sexes (Table 3) , as expected from the bilaterally symmetrical relationship. Furthermore, at least one shape component of any male character showed significant correlation with at least one component of another character, whereas only a few characters, except for mandibles, showed significant correlation with other characters in females (Table 4 ), suggesting a well integrated pattern of shape transformation between characters in males and a less well integrated one in females.
MULTIVARIATE ALLOMETRY
In males, all allometric relationships between morphometric size (radii of the first ellipse) and different shape components (PC1-4), in which the size was standardized, were significant according to the F-test, as were those between weight and shape, except for a weight-shape relationship in SMA. In contrast, only two relationships (size-shape in the prothorax and weight-shape in the SMA) were significant in females (Table 5 ). These results again imply the existence of a well integrated shape transformation with increasing size and weight of body parts in males and a less well integrated pattern in females. In male mandibles, straight vs. bending features were tightly associated with both size and weight of the characters (Table 5 , PC1 in Fig. 7 ), but such features as fine structures of inner teeth and shape of membraneous joint were significantly affected by size alone (Table 5 , PCs 2, 3 in Fig. 7) . Generally, in both males and females, even though a shape component in a character was significantly affected by size, it was not always affected by weight, and vice versa (Figs 7, 8; Table 5 ).
DISCUSSION
As shown in Inukai (1924) , there was a conspicuous sexual dimorphism in the weight and shape of the body parts. The pattern of frequency distribution of weight varied among characters in males: bimodality was much stronger in mandibles and heads than in other body parts. In contrast, there was no such difference in female characters. This kind of bimodality can be observed in exaggerated characters in several kinds of insect species (Emlen & Nijhout, 2000) . Mathematical models predict that sexual selection favours a steep and positive allometry of exaggerated characters against body size (Choe & Crespi, 1997) , leading to the occurrence of dimorphism in the size and shape of characters. In most cases, because exaggerated characters play a role in competition for access to reproduction (i.e. sexual selection: Emlen & Nijhout, 2000) , more reproductive output is expected in males possessing more exaggerated characters. Thus, positive selective pressures are exerted on the character and ultimately affect its developmental pattern. This study revealed two new phenomena concerning sexual dimorphism in size and shape variation. First, the shapes of different characters were more strongly associated with one another in males than in females. This suggests that the shape characteristic of a character can be expected to some degree to conform to that of another character in males, but not in females. In particular, the correlation of shape between left and right mandibles was the highest among all character pairs in both sexes. It seems plausible that these symmetrical characters are used for the same purpose and thus are subject to the same selective agents, leading to the same allometry between the two. Nevertheless, subtle differences were observed between left and right mandibles in males. Generally, such a small difference in bilateral characters has been explained in the context of fluctuating asymmetry (Møller & Swaddle, 1997) , which sometimes affects reproductive episodes, but the dif- ference found in this study might also be due to a functional constraint: mandibles possessing a slightly asymmetrical shape might be beneficial for dealing with matters of reproduction or competition. Second, some male characters tended to move towards a specific shape with increasing body mass, whereas the association between size and shape was quite weak in females. The correlations between the weight of the body parts were positive and significant in both sexes, implying that energy resources allotted for development increase in all characters as the total body size increases. However, the response of shape to an increase in body mass differed greatly between the sexes. It seems possible to explain sexual dimorphism in the developmental pattern of characters from the environmental and genetic points of view. a PCs, taken as independent variables in multiple-regression analysis, calculated from elliptic Fourier analysis for analysing shape of characters. Proportion of the contribution of each PC to the total variance is shown in parentheses. b Standardized partial regression coefficients when size (radii of the first ellipse in the Fourier analysis) of body parts was taken as dependent variable. c F-statistic for testing overall significance of multiple-regression model for assessing allometric relationship between size and shape components. d Standardized partial regression coefficients when weight of body parts was taken as dependent variable. e F-statistic for testing overall significance of multiple-regression model for assessing allometric relationship between weight and shape components. ***P < 0.001; **P < 0.01; *P < 0.05.
Development of characters is known to be affected by nutritional conditions early in life. Several studies have demonstrated that single genotypes can potentially generate a wide range of morphology (Emlen & Nijhout, 2000) . The exaggerated size of horns in the males of two closely related beetle species, Onthophagus acuminatus and O. taurus, can be altered by varying the amount of food available during early developmental stages, suggesting that every genotype has the potential to generate the full range of possible horn lengths (Emlen, 1994) . Emlen & Nijhout (2000) pointed out that such developmental plasticity may be common in other species of insects as well. The difference in habitat usage (e.g. rich vs. poor nutrient habitat) between sexes would engender sex-limited variation; however, this hypothesis is less likely because the habitat usage between sexes is almost the same.
Another possibility is that the sexual difference in the pattern of genetic correlation is responsible for the development of shape. In general, males and females are expected to share a common genetic background in the expression of developmentally homologous characters and thus the evolution of dimorphism most likely requires selective pressures leading to genetic divergence between males and females (Fisher, 1958; Lande, 1980) . Recent theoretical and empirical observations indicate that sexual dimorphism occurs when alleles with antagonistic effects on the sexes accumulate in a tight linkage with a sex-determining gene (Rice, 1992; Rhen, 2000) . When some sex-limited loci on chromosomes in one sex (e.g. X-chromosome, Wolfenbarger & Wilkinson, 2001) are under the control of sexual selection and influence the shape of different characters pleiotropically, the overall developmental pattern of characters in that sex would be well integrated. If particular male characters such as mandibles are under strong directional selection, evolutionary change in alleles that code other characters will be constrained by the genetic correlation. In contrast, longer mandibles may not be favoured in females, because fighting is quite rare and because they are likely to be less adaptive for digging holes in the bark to lay eggs. Thus, contrasting selective agents due to different optima of the trait may act antagonistically on sex-specific loci, leading to sexual dimorphism in the shape of characters. However, it is still not enough to explain why size and shape vary independently in female characters. If males do not discriminate for mating purposes and thus selective pressures do not cause genetic variation in females (Wu, Johnson & Palapoli, 1996; Tatsuta & Akimoto, 1998) , greater genetic variation in alleles of sex-specific loci may remain, resulting in lower genetic and phenotypic correlation between female characters. These predictions remain to be confirmed by quanti-tative genetics and measurement of the strength of selective pressures.
